
1PTB; 2LRRI; 3UNC SPH
ROFA–Induced T-Wave Alternans in Rats
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ROFA–Induced Arrhythmias in Rats

Examples of frequently observed electrocardiographic waveform 
anomalies in unanesthetized, adult Sprague-Dawley rats after 
intratracheal instillation of residual oil fly ash (ROFA) particles. 
Studies were conducted that compared the effects of four doses of 
particles in healthy rats with those of cardiopulmonary-
compromised rats that had been preexposed to monocrotaline (60 
mg/kg, ip) to induce pulmonary inflammation and pulmonary 
hypertension. Chart speed for all records shown in figures was 50 
mm/s. a. Variable R-R intervals. b. Premature atrial contraction. 
c. Premature ventricular contraction. d. Multiple premature 
contractions. e. Bundle branch block. f. Prolonged P-R interval 
with skipped beat (Wenckebach Type I atrioventricular
conduction block). g. Multiple skipped beats (advanced Mobitz
Type II atrioventricular conduction block). 

Effects of intratracheal instillation of nickel (263 mg NiSO2) and vanadium (245 mg VSO4) on 
electrocardiogram of awake, adult pulmonary hypertensive Sprague-Dawley rat just prior to death.  
Death occurred approximately 77 hours postinstillation.

Strip 1)    slightly accelerated rhythm; normal morphology; P-, R-, and T-waves all present

Strip 2)   slowed rate, but still somewhat elevated; presence of occasional depolarizations (a) which may 
be ectopic in origin

Strip 3)   increased frequency of ectopic depolarizations; periods of “noise” are noted (b)

Strip 4)   abrupt rhythm change (50%↓) following ectopic depolarization (c); P-wave present but 
alternating rhythm predominates

Strip 5)   couplet rhythm (d) lost; dramatically slowed rate; P-wave absent; rate may reflect intrinsic AV 
conduction

Strip 6)   P-waves, ectopic depolarizations absent (e); death

NOTE: Magnification of Strip 1 shows presence of T-wave alternans, indicated by alternating 
amplitudes of T-waves (arrows), an electrocardiographic anomaly often associated with subsequent fatal 
arrhythmias.

5. Continued from prior strip          HR = 140
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1. Time = 10 minutes before event  HR = 380

2. Time = 3 minutes before event    HR = 350

4. Time = 0 minutes before event    HR = 300
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6. Time = 1 minute post-event         HR = 55
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INTRODUCTION
• A plethora of epidemiological 
studies have reported an increased 
incidence of morbidity and mortality 
following episodes of increased 
particulate matter (PM) air pollution 

• There appears to be a strong 
association between the presence of 
pre-existing cardiopulmonary disease 
and the severity of the PM-related 
toxicity 

• It has been hypothesized that the 
underlying mechanisms by which 
these effects are mediated may be of 
cardiac and/or pulmonary origin 

• Toxicological results from animal 
studies, have yet to define the 
characteristics, constituents, or 
pathways responsible for these 
effects

• Our laboratory conducts studies 
to investigate the effects of exposure 
to PM or PM surrogates, with 
emphasis on the elucidation of 
specific cardiac and pulmonary 
responses that might explain the 
epidemiological findings

CONCLUSIONS  
AND IMPACT

• These studies demonstrate 
substantial decrements in 
cardiopulmonary function in 
conjunction with increased 
pulmonary inflammation

• In general, these studies 
support the conclusions of the 
epidemiological studies and 
implicate a potential role for 
metals in the toxic response

• These procedures provide a 
systematic method of examining 
the cardiopulmonary toxicity of a 
given species of PM and provide 
important insights into the 
mechanism/s by which these 
effects are mediated

FUTURE 
DIRECTIONS

To further investigate the effects 
and mechanisms of PM-induced 
toxicity, we propose to develop, 
characterize, and test new animal 
models of susceptibility and/or 
cardiopulmonary disease. These 
animals will then be exposed via 
both instillation and inhalation 
procedures to representative urban 
PM/PM surrogates. They will be 
subjected to the full battery of 
experimental procedures available 
in our laboratory. Particular 
emphasis will be placed on 
developing and improving specific 
cardiovascular methodologies, such 
as electrocardiographic interval and 
heart rate variability analyses, for 
application to rodent models.

Effects of ROFA on Heart Rate and Temperature in Rats

Effects of intratracheal instillation of residual oil fly ash (ROFA) particulate matter on heart rate (HR) and core temperature (Tco) of awake, adult 
Sprague-Dawley rats (n=4/group) maintained at an ambient temperature of 22EC.  Studies compared the effects of four doses of ROFA particles
(0, 0.25, 1.0, or 2.5 mg) in healthy rats with those of rats preexposed to monocrotaline (MCT, 60 mg/kg, ip) to induce pulmonary inflammation 
and pulmonary hypertension.  The healthy rats were allowed five days to acclimate to the experimental conditions, instilled intratracheally with 
ROFA particles (dashed vertical line), and monitored for 96 hours postinstillation.  The MCT-treated rats were allowed 12 days after MCT 
administration for the development of pulmonary inflammation and pulmonary hypertension before ROFA instillation was carried out.  Data were 
obtained at 10-minute intervals but have been averaged over 30-minute periods across groups.  Intermittent open and shaded boxes above the 
abscissa indicate daytime and nighttime, respectively.  NOTE: The abrupt negative spikes in the data of the MCT-treated animals are due to 
lethalities (n=2).
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Effects of Transition Metals on Heart Rate and Temperature in Rats

Effects of intratracheal instillation of primary transition metal constituents of residual oil fly ash (ROFA) particulate matter on heart rate (HR) and 
body core temperature (Tco) of awake, adult Sprague-Dawley rats (n=10/group) maintained at an ambient temperature of 22EC.  Studies compared the 
effects of individual and combined doses of nickel (263 µg NiSO2), vanadium (245 µg VSO4), and iron (105 µg Fe2(SO4)3 in normal rats and in rats 
preexposed to monocrotaline (MCT, 60 mg/kg, ip).  Rats were allowed 12 days after MCT administration for the development of pulmonary 
inflammation and pulmonary hypertension.  Rats were allowed five days to acclimate to the experimental conditions, instilled intratracheally with 
metals (solid vertical line), and monitored for 96 hours postinstillation.  Data were obtained at 10-minute intervals but have been averaged over 30-
minute periods across groups.
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RESULTS

ROFA–Induced Changes in ECG 
Waveforms of WKY and SH Rats

Changes in electrocardiographic (ECG) waveforms of unanesthetized, adult Wistar-
Kyoto and Spontaneously Hypertensive rats during air or ROFA exposure.  The 
ECGs of individual rats were continuously monitored using previously implanted 
radiotelemetry transmitters.  During nonexposure periods animals were maintained in 
individual cages in a climate-controlled chamber.  ECG waveforms have been 
ensembled using an in-house analysis program and represent an average of 20–40 
individual tracings.  There were no differences between ECG waveforms of air and 
ROFA-exposed WKY rats, and therefore only ROFA-exposed WKY is shown as a 
control.

NOTE:  decrease in ST–segment area in SD rats following exposure to ROFA
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Effects of RTP CAPs on Ventilatory Function in Rats

Effects of nose-only exposure to concentrated ambient particles (CAPs) on minute ventilation and penh, of awake, 11-month old Spontaneously Hypertensive rats 
(n=8/group).  Exposures (4 hr/day × 3 days/week) were conducted over a one-week period from 16–20 September 2002.  Ventilatory function was evaluated using a 
Buxco whole-body plethysmograph system; evaluations were carried out on the day before each exposure, on the day of and immediately following each exposure, and on 
the day after each exposure.  Data from concurrently-exposed young SH rats that had also been exposed to CAPs (1 day/wk) for the previous 10 wks are shown for 
comparative purposes.  All values are shown as group means ± SE.

.

Time-matched segments of systemic blood pressure and electrocardiographic waveforms in a 
Spontaneously Hypertensive rat following intratracheal instillation of oil combustion–derived, fugitive 
emission particulate matter (EPM).  Unless otherwise noted, experimental procedures are as described 
above.
A. High dose (8.33 mg/kg); ≈1h postinstillation
NOTE: lengthened R-R intervals with corresponding decreases in systemic pressure
B. High dose (8.33 mg/kg); ≈1h postinstillation
NOTE: enlarged segment from A showing lengthened R-R interval and possible bundle branch block

Effects of EPM on Blood Pressure and ECG in Rats

A

B

Nickel- and Vanadium-Induced Changes in Plasma Fibrinogen and BALF Neutrophils
Changes in plasma fibrinogen and 
bronchoalveolar lavage fluid (BALF) 
neutrophil levels in rats following 
inhalation of nickel, vanadium, or both. 
Saline- or monocrotaline-treated Sprague-
Dawley rats were exposed to either nickel 
or vanadium sulfate or both for 6hr/day for 
4 consecutive days and plasma fibrinogen 
levels were measured one day following the 
last exposure.  Similarly, BALF neutrophil
data were obtained 24-hr post-exposure.  
Values represent group means ± SE with 6 
animals/group.  Rats were exposed to 
metals 10 days after receiving a single 
intraperitoneal injection of saline or 
monocrotaline (60 mg/kg body weight) to 
induce pulmonary hypertension.
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METHODS

Methodologies/Procedures:
• radiotelemetry 
• whole-body plethysmography
• bronchoalveolar lavage
• electrocardiographic analysis

Exposure Regimens: 

• intratracheal instillation
• nose-only inhalation
• whole-body inhalation
• acute to sub-chronic duration

PM Species:
• emission PM (ROFA, EPM)
• urban PM (Baltimore, Ottawa, RTP CAPs)
• natural sources (Mount St. Helen’s)
• constituents (Fe, Ni, V)

Endpoints:
• HR, BP, Tco, activities
• ECG and arrhythmias
• morbidity and lethality
• f, VT, V, penh, others
• BALF constituents
• hematologic constituents

Animal Models:
• healthy rats
• systemic hypertension
• pulmonary hypertension
• pulmonary inflammation
• cold-stressed
• aged

General Approach:
Animals Particles Exposure

Compromised Toxic Intratracheal 
Instillation

Healthy Constituents    Ambient Inhalation


